Multiple cancers may arise from within a clonal region of preneoplastic epithelium, a phenomenon termed 'field change' 1, 2 . However, it is not known how field change develops. Here we investigate this question using lineage tracing to track the behaviour of scattered single oesophageal epithelial progenitor cells expressing a mutation that inhibits the Notch signalling pathway. Notch is frequently subject to inactivating mutation in squamous cancers [3] [4] [5] [6] . Quantitative analysis reveals that cell divisions that produce two differentiated daughters are absent from mutant progenitors. As a result, mutant clones are no longer lost by differentiation and become functionally immortal. Furthermore, mutant cells promote the differentiation of neighbouring wild-type cells, which are then lost from the tissue. These effects lead to clonal expansion, with mutant cells eventually replacing the entire epithelium. Notch inhibition in progenitors carrying p53 stabilizing mutations creates large confluent regions of doubly mutant epithelium. Field change is thus a consequence of imbalanced differentiation in individual progenitor cells.
Murine oesophageal epithelium (OE) is a stratified squamous epithelium consisting of layers of keratinocytes ( Supplementary  Fig. 1a ). The uniformity of OE, which lacks any glands or other appendages, lends itself to resolving cell behaviour by lineage tracing 7 . Proliferation is confined to the basal layer. On commitment to terminal differentiation, basal cells exit the cell cycle and subsequently migrate to the tissue surface, from which they are shed. Cell turnover is maintained by a single population of progenitor (P) cells, which divide to generate two P cells (PP), two differentiating (D) cells (DD) or one P and one D cell (PD; Supplementary Fig. 1b ; ref. 7) . The outcome of an individual division is unpredictable, but the probabilities of each type of division are balanced so that on average, across the progenitor population, 50% P and 50% D cells are produced per division and tissue homeostasis is achieved. Normally, the descendants of a given cell have a high probability of being lost by differentiation within a few rounds of division (Supplementary Fig. 1c ; ref. 7) . Mutations that decrease the probability of the DD division outcome have an increased likelihood of creating persistent, expanding clones.
Notch pathway genes are expressed in normal OE (refs 8,9) . Notch is a transmembrane receptor, which is cleaved by gamma secretase on ligand binding, freeing the Notch intracellular domain to migrate to the nucleus. The Notch intracellular domain then forms a complex with the DNA binding protein Rbpj and other proteins including mastermind like 1 (Maml1), resulting in the transcription of target genes 10 . In another stratified squamous epithelium, mouse epidermis, widespread deletion of Notch impairs differentiation and promotes inflammation and tumour formation [11] [12] [13] . Blockade of Notch signalling in oesophageal keratinocytes also inhibits differentiation, but has not been shown to result in tumour formation 14 . Here we set out to induce a Notch inhibiting mutation in individual progenitor cells to study the earliest stage of tumour evolution, the establishment of mutant clones within a background of wild-type cells.
To both inhibit Notch and visualize mutant cells for genetic lineage tracing, we used mice carrying a conditional dominant negative mutant of Maml1 (DNM), which inhibits Notch intracellular domain induced transcription and is fused to green fluorescent protein (GFP), ensuring that all mutant cells express GFP (refs 14-17) . This R26 flDNM line was crossed with the AhCre ERT strain that carries a drug inducible form of Cre recombinase, enabling the sporadic induction of DNM in basal layer cells ( Fig. 1a; ref. 7) .
We began by inducing DNM expression in 1 in 500 (±100, s.e.m.) basal cells, comparing the effects with a control cohort of Unsorted epithelium from induced DNM mice, compared with age-matched, uninduced, DNM control mice 1 year post induction. Values are means of n = 5 (control) or 6 (DNM) independent biological repeats at each time, normalized to control (=1). Error bars are s.e.m. *P < 0.05; **P < 0.01; ***P < 0.001 by t-test.
AhCre
ERT R26 YFP/wt animals expressing yellow fluorescent protein (YFP) from the same locus ( Fig. 1b; ref. 7) . Control YFP labelled progenitors remain in homeostasis, occupying a constant proportion of OE over a 1 year time course (Fig. 1c,d ). In contrast, single-cell derived DNM clones expanded rapidly. Later, DNM clones began to coalesce and the rate of expansion of the mutant population slowed. Strikingly, after a year the entire epithelium was replaced by DNM cells (Fig. 1c,d and Supplementary Fig. 1d ). Changes in transcription of genes directly or indirectly regulated by Notch in keratinocytes confirmed the pathway was inhibited in DNM cells at 15 days and 1 year (Fig. 1e,f; refs 16,18 ).
To understand how DNM changes cell behaviour, we carried out three-dimensional imaging of clones at early times ( Fig. 2a-c) . In control mice, at 10 days post induction, there were frequent (146/492) multicellular 'floating' clones consisting of only suprabasal cells. These result from the differentiation of the founder cell and its progeny following DD type divisions. In contrast, no such clones (0/570) were detected in DNM mice at 10 days post induction (Fig. 2c,d ). This indicates that the likelihood of DD type divisions was greatly reduced, or even abolished, in DNM cells. As a consequence, DNM clones are not lost by differentiation and become functionally 'immortal' in a wild-type background. To gain quantitative insight into cell behaviour in DNM clones, we scored the number of basal and suprabasal cells in clones at 7, 10 and 15 days post induction (Fig. 2e,f and Supplementary Fig. 2a-d) . In previous studies, we have shown that the behaviour of wild-type progenitors can be captured by a simple biophysical model involving only the rate of progenitor cell division, the stratification rate of differentiated basal cells into the suprabasal layer and the relative frequency of symmetric to asymmetric cell division 7 . We investigated whether the seemingly complex range of DNM clonal behaviour at 7 and 10 days post induction could be predicted simply by relaxing the condition of balanced fate of normal progenitors ( Fig. 2g and Supplementary Note). Using a Bayesian-like approach, we found that the full range of clonal fate data could be predicted by such a model (Fig. 2b ,e,f, Supplementary Fig. 2a-g and Supplementary Note). Crucially, the statistically most likely scenario is absence of DD divisions. The observation that floating clones are absent can further be quantified, bounding the ratio of DD divisions by maximally 0.7%, with 95% confidence (Supplementary Note). Intriguingly, asymmetric PD type divisions are not reduced but seem to replace DD divisions in DNM cells, resulting in cell fate being tilted towards proliferation 7 . We also find that cell division rate is increased to three times that of normal cells in DNM clones, whereas the rate of stratification of differentiated DNM basal cells is decreased more than fourfold (Fig. 2g) .
The model was challenged by tracking cells within DNM clones labelled by a pulse of ethynyl deoxyuridine (EdU), which is taken up by progenitors in S phase (Fig. 2h) . The mean number of EdU-positive cells per clone predicted by the model gave an excellent fit to the data ( Fig. 2i and Supplementary Note). We further validated the model by using the fit of the day 7 and 10 data to successfully predict the clone size distribution at 15 days post induction ( Supplementary Fig. 2d ). Collectively, these changes in cell behaviour result in the persistence and rapid geometric expansion of DNM clones at these early times.
The analysis of cell behaviour reveals the net effect of all cell intrinsic and/or extrinsic molecular alterations induced by DNM, but does not disclose the specific pathways and genes involved. To gain insight into the transcriptional changes associated with DNM expression, we carried out transcriptional array analysis on flow-sorted DNM positive and negative basal cells 15 days after induction. We found the expected changes in transcripts already shown to be regulated by DNM by quantitative PCR with reverse transcription (Nrarp, Jag1, Igfbp2 and Igfbp3, Fig. 1e ). Furthermore, we identified significant enrichment of other transcripts involved in epidermal development, RNA processing and cytoskeletal organization (Supplementary Tables 1 and 2 ). We further validated three of these transcripts, the transcription factor Sox9, decreased in DNM cells, and the hemidesmosome component Itgb4 and hyperproliferation associated keratin Krt6, whose expression was increased in DNM cells (>30% change, P <0.01). Immunostaining confirmed decreased expression of Sox9 and increased levels of Itgb4 and Krt6 within DNM cells ( Supplementary Fig. 3 ). We hypothesized that the expansion of DNM clones may alter the behaviour of adjacent wild-type cells. To test if this was the case, a pulse of EdU was given to DNM mice 3 months post induction. The proportion of EdU labelled cells that had differentiated and stratified into the suprabasal cell layers was determined 48 h later (Fig. 3a) . We found a significant increase in suprabasal EdU-positive wild-type cells immediately adjacent to DNM clones (Fig. 3b,c) . The effect is rescued by treating mice with dibenzazepine (DBZ), which blocks Notch signalling by inhibiting gamma secretase ( Fig. 3d; ref. 19 ). This argues that Notch is activated in wild-type cells adjacent to DNM clones, promoting their differentiation. A similar effect has been reported in cultured human epidermal keratinocytes 20 . We conclude that the accelerated Notch driven differentiation of wildtype cells at the edges of DNM clones contributes to their colonization of the epithelium.
The explosive early expansion of the DNM population led us to expect that the tissue would become severely disrupted, perhaps developing tumours over time. However, after a year, when the epithelium had been completely replaced by DNM cells, tissue integrity was maintained, animals remained healthy and no oesophageal tumours were seen in 17 mice. The most noticeable tissue abnormality was marked cell crowding in the basal layer (Fig. 4a,b) .
Notch inactivation in the epidermis is associated with elevation of circulating levels of the defensin Tslp and epithelial or stromal inflammation (Supplementary Fig. 4a ; refs 12,13,21,22). We observed none of these changes in OE ( Supplementary Fig. 4b-g ). Indeed, far from being increased, immune cells were partially excluded from DNM epithelium. No apoptosis was detected (Supplementary Fig. 4h ). We conclude that Notch inhibition in the oesophagus does not trigger the inflammatory response that is known to be a key driver of tumour formation in the epidermis. We went on to investigate the behaviour of mutant cells within the DNM epithelium at 1 year. Tracking of EdU labelled cells revealed that the epithelium had established a new homeostatic state ( Fig. 4c-e) . Crucially, DD type divisions, and hence the balanced production of differentiating and proliferating cells, had been restored (Fig. 4c,e and Supplementary Note). The cell division rate remained elevated, but the stratification rate had risen, so the DNM populated tissue was in a new 'steady state' with a more rapid cell turnover (Fig. 4c) . The reestablishment of the DD channel may be, at least in part, a response to the crowding of basal cells, which is known to promote keratinocyte differentiation in vitro 23 . Thus, once the tissue is fully colonized, the balanced proliferation and differentiation of DNM cells ensures that they persist as a self-maintaining population. Endogenous levels of Notch signalling seem not to be required to sustain tissue integrity.
We hypothesized that, if Notch signalling is inhibited in a progenitor already carrying oncogenic mutation(s), it may create a dominant clone, expanding into a region of multiply mutant cells. To test this, we treated DNM mice with the mutagen diethylnitrosamine (DEN), then induced DNM expression and subsequently examined epithelial wholemounts for clusters of cells expressing detectable levels of p53 (Tp53, Fig. 5a ; ref. 24). Such clusters result from clonal oncogenic mutations that stabilize the p53 protein 25, 26 . At 1 month post DNM induction, the rare clones expressing both DNM and p53 had expanded to the same extent as clones expressing DNM alone, but were significantly larger (P <0.0001 by t-test) than those staining for p53 alone ( Fig. 5b-f ). This suggests that the expansion of double mutant clones is due to the effect of DNM on cell behaviour, rather than intracellular cooperation between the mutations. The double mutant clones expand into large confluent regions by 5 months (Fig. 5g,h ). This argues that mutations such as DNM that imbalance progenitor differentiation in single progenitor cells can cause field change in a squamous epithelium.
We also examined whether DNM expression had any influence on the effects of subsequent carcinogen treatment, by administering DEN after DNM induction (Fig. 5i) . We observed an increase in size of epithelial lesions in induced DEN treated mice when compared with uninduced DNM controls ( Fig. 5j and Supplementary Fig. 5a-d) . Epithelial colonization by cells carrying a Notch inhibiting mutation thus has adverse consequences in the context of carcinogen exposure.
Finally, we carried out a third protocol in which we induced DNM animals subsequent to 2 months of DEN administration to explore the long-term effect of DNM on a widely mutated epithelium ( Fig. 5k-m) . Wholemount samples analysed 9 months post induction revealed that DNM positive areas were restricted to 17 ± 0.1% (mean ± s.d.) of the total area of the epithelium. This is probably due to the presence of adjacent mutant clones, created by DEN treatment, which resist the incursion of DNM cells. Interestingly, the frequency of lesions per unit area was three times higher in DNM positive areas when compared with non-DNM areas within the same mice (Fig. 5l) . This suggests that DNM may play a role in tumour formation. The size of DNM expressing lesions was also increased (Fig. 5m) , consistent with the results of the second protocol (Fig. 5j) .
We conclude that inhibition of Notch confers clonal dominance in OE, by blocking DD divisions in mutant cells and promoting the differentiation of adjacent wild-type cells. Mutant cells then replace the normal epithelium. Once colonization is complete, the balance of differentiation and proliferation is restored, establishing a selfmaintaining mutant population. If a mutation which blocks division resulting in symmetric differentiation occurs in a cell already carrying one or more oncogenic mutations, a large area of epithelium with an increased likelihood of further transformation, that is field change, may develop. Notch inhibition increases the number and size of tumours that develop following carcinogen treatment. These results illustrate that, as well as cooperating at the molecular level within cells, oncogenic mutations may also interact at the level of cell dynamics in early cancer evolution.
METHODS
Methods and any associated references are available in the online version of the paper. Animals were induced between 10 and 16 weeks of age. All strains were maintained in a C57Bl6 background. Experiments were carried out with male and female animals, except for array and transcriptional analysis, where only males were used. No gender specific differences were observed.
Lineage tracing. Low frequency expression of DNM in the mouse oesophagus was achieved by inducing animals aged 10-16 weeks with an intraperitoneal dose of 80 µg kg −1 β-naphthoflavone and 0.3 mg tamoxifen, which resulted in a mean recombination efficiency of one cell every 526 basal cells (±117, s.e.m.). At this dose, negligible induction of DNM was seen in wholemount preparation of other tissues, including the ear, back and tail epidermis.
Following induction, three or four DNM or YFP mice per time were culled and the oesophagus collected. Times analysed included 1, 7, 10 and 15 days, 1, 3 and 6 months and 1 year. Clones were imaged after immunostaining wholemounts, described below, on a Nikon ECLIPSE TE2000-U confocal microscope. At 24 h only single basal cells were seen to be stained for GFP, indicating DNM expression. The frequency of these cells was scored to determine the initial labelling frequency (above). At 7, 10 and 15 days the number of basal and suprabasal cells in each clone was counted under live acquisition mode for clones containing one or more basal cells. The percentage of 'floating clones' , containing only suprabasal cells, was determined by three-dimensional imaging at 10 days post induction. The quantitative analysis of these data is described in Supplementary Note.
Representative images of clones were produced by rendering confocal z stacks with the following settings: ×40 objective with ×3 digital zoom, optimal pinhole, speed 400 Hz, line average 3, resolution 1,024 × 1,024. Images were reconstructed from optical sections using Volocity 6 software (PerkinElmer).
After 15 days clonal lineage tracing became infeasible owing to the merger of DNM clones. We therefore measured the area of DNM and YFP expressing epithelium from low magnification projected z stacks at 10 days and 1, 3, 6 and 12 months. Three mice were analysed per time with three images per animal at ×10 magnification (Fig. 1c,d ). Areas were quantified using Volocity 6 software.
Immunofluorescence and immunohistochemistry. For wholemount staining, epithelium from the middle third of the oesophagus was prepared by dissecting the tissue into rectangular pieces of approximately 5 mm by 8 mm and incubating for 2-3 h in 5 mM EDTA at 37 • C. The epithelium was then carefully peeled away from underlying tissue with fine forceps and fixed in 4% paraformaldehyde in PBS for 15-25 min. For staining, wholemounts were blocked for 1 h in staining buffer (0.5% bovine serum albumin, 0.25% fish skin gelatin and 0.5% Triton X-100 in PBS) with 10% donkey or goat serum, according to the secondary antibody used. Primary and secondary antibodies were incubated in staining buffer overnight, followed by washing for 2 h with 0.2% Tween-20 in PBS. A final overnight incubation with 1 µg ml −1 DAPI in PBS was used to stain cell nuclei.
For staining conventional tissue sections, optimal cutting temperature compound (OCT) embedded cryosections of 10 µm thickness were fixed with 4% paraformaldehyde for 5 min, and blocked and stained using staining buffer with the respective primary and secondary antibodies for 1 h at room temperature. Samples were washed with PBS between incubations.
EdU incorporation was detected with a Click-iT chemistry kit according to the manufacturer's instructions (Invitrogen).
Confocal images were acquired on Nikon ECLIPSE TE2000-U (objectives ×10, ×20 and ×40; optimal pinhole; speed 400 Hz; line average 3; resolution 1,024 × 1,024) and Leica TCS SP5 II confocal (objectives ×10, ×20 and ×40; optimal pinhole; speed 400 Hz; line average 3; resolution 1,024 × 1,024) microscopes and reconstructed using Volocity 6 image processing software (PerkinElmer). Images shown in Supplementary Fig 4 are typical of at least four images per mouse in each of three or more mice per experimental group.
Antibodies. Antibodies used are listed in Supplementary Table 3 .
RNA isolation and real-time PCR with reverse transcription of genes directly and indirectly regulated by Notch. To corroborate Notch inhibition in DNM expressing cells, levels of transcripts of genes known to be directly or indirectly regulated by Notch signalling in keratinocytes were analysed 15 days and 1 year post-induction 16, 27 . Wholemounts from OE were prepared by cutting tissue into 3 mm squares and incubating for 15 min in 0.5 mg ml −1 dispase at 37 • C, after which the epithelium was peeled from the submucosa. At 15 days most of the DNM positive cells are in the basal layer, so a single-cell suspension was prepared for flow sorting of GFP positive and negative basal cells (see later). At 1 year the epithelium consists entirely of DNM cells, so the epithelium of induced DNM animals was compared with age-matched uninduced DNM controls.
RNA from wholemounts or sorted cells was extracted using RNeasy columns (Qiagen) including on column DNase digestion. The integrity of total RNA was determined by agarose gel electrophoresis. Complementary DNA synthesis of 500 ng of total RNA was carried out using a QuantiTect reverse transcription kit (Qiagen). The cDNA synthesis reactions without reverse transcriptase yielded no amplicons in the PCR reactions described below.
Quantitative PCR with reverse transcription was carried out using specific primers (Supplementary Table 4 ) and SYBR Green master mix (Qiagen) according to the manufacturer's instructions in a Rotor-Gene 3000 (Qiagen).
Standard curves were generated and each messenger RNA normalized to Gapdh as an internal control. The relative levels of each mRNA were expressed as ratios to the control values set to unity.
Sorting of DNM recombinant basal cells for RNA analysis.
A cohort of three animals per group was used to isolate basal oesophageal epithelial cells by flow cytometric cell sorting. Epithelial sheets were minced and single-cell suspension obtained using a gentleMACS Dissociator (Miltenyi Biotec) followed by filtration through a 30 µm cell strainer. Cells were centrifuged and resuspended in 1% fetal bovine serum in PBS and stained for the basal cell marker Itga6 (BioLegend; 313610; 5 µg ml −1 ) for 30 min at 4 • C. An isotype control was used to exclude unspecific immunoglobulin binding (BioLegend; 400526; 5 µg ml −1 ). Endogenous GFP levels enabled the identification of DNM recombinant cells. 7AAD (2 µg ml −1 ) was used to determine cell viability. Two populations of viable single cells were sorted (GFP+/Itga6+ and GFP−/Itga6+) on a MoFlow cell sorter (Dako Cytomation) and collected for further RNA analysis.
Genomic expression. Changes in genomic expression were also investigated in RNA isolated from basal FACS-sorted DNM expressing cells 15 days post induction and compared with DNM negative cells from the same sample in biological triplicate (see earlier).
The quality of the RNA was determined by using an Agilent 2100 Bioanalyzer. Samples used for hybridization had an RNA integrity number of at least 7.8. Owing to the limited amount of starting material, and therefore the low RNA yield, the RNA was amplified using a NuGEN Ovation Pico WTA 3300-60 kit according to the manufacturer's instructions. 200 ng of the amplified RNA was hybridized on a Mouse Whole Genome-6 v2 Illumina array.
The resulting data were transformed using the variance stabilization transformation (VST) from the lumi package (www.bioconductor.org), to avoid bias at low and high intensities, and normalized by quantile normalization. The paired comparisons were then carried out using the limma package (Linear Models for Microarray Data, Bioconductor) and the results corrected for multiple testing using the false discovery rate (FDR). Genes with expression changes greater than 30%, with corrected P < 0.05, were considered differentially expressed. Finally, network and functional analyses were carried out using IPA (Ingenuity Pathway Analysis, www.ingenuity.com) and DAVID (http://david.abcc.ncifcrf.gov). Validation of differential expression of Sox9, Krt6 and Itgb4 was carried out by immunostaining of cryosections from DNM mice 3 months post induction. The images shown in Supplementary Fig. 3 are typical of at least eight sections each from three animals.
EdU lineage tracing. EdU was used for short-term lineage tracing in induced DNM mice.
To validate the model of DNM behaviour derived from clonal data, 10 µg of EdU was administered by intraperitoneal injection 24, 48 or 72 h before sample collection at 7 days (Fig. 2h,i) . EdU-positive cells were then imaged by confocal microscopy of wholemounts in 57 clones (24 h), 60 clones (48 h) and 57 clones (72 h); Fig. 2h shows typical clones.
To enable the progeny of single cells to be tracked at 1 year post induction, when the entire epithelium consisted of DNM cells, EdU was administered at 18:00 when the proportion of S phase cells is low in the circadian cycle, making clonal density labelling feasible 28 . Samples were collected 48 h later and wholemounts imaged. Note that in all other experiments EdU was administered at 10:00. Total numbers of EdU positive cell doublets imaged were 86 (YFP) and 78 (DNM); typical images are shown in Fig. 4d ,e.
To track the effect of DNM clones on adjacent wild-type cells, animals were induced and subsequently treated with 10 µg of EdU 48 h before sample collection at 3 months post induction. Oesophageal wholemounts were then stained for GFP, EdU and Itga6. Six z-stack images were taken at both clonal junctions and unlabelled areas in each of three or four animals. We recorded the proportion of suprabasal:basal EdU-positive cells, as a measure of cell stratification, in the first row of GFP positive (DNM-Edge) and GFP negative (Wt-Edge) cells adjacent to the clone boundary, along with randomly drawn 'edges' in images of epithelium distant from clones (Wt-Distant). The percentage of EdU-positive basal cells:basal DAPI positive cells did not differ significantly between any site (Wt-Edge 16.5% ± 1.43; DNM-Edge 17.7% ± 2.29; Wt-Distant 14.4% ± 1.55, mean ± s.e.m., t-test no significant difference).
To further investigate whether the increased stratification of wild-type cells at clone margins was dependent on the activation of Notch, mice were treated with the γ -secretase inhibitor DBZ (S2711; Selleckchem). DNM mice induced 11 days or 3 months previously were treated with DBZ (suspended in 0.5% hydroxypropyl methylcellulose (Methocel 65HG (Fig. 4a,b) .
Chemically induced carcinogenesis using DEN. DEN (Sigma) was administered at a concentration of 0.04 ml l −1 in sweetened drinking water 24 . To test whether DNM could expand clones carrying pre-existing oncogenic mutations, DNM mice were administered DEN five days per week for 2 weeks to induce sporadic mutations. DEN treatment was then withdrawn and DNM clones induced with 80 µg kg −1 β-naphthoflavone and 0.3 mg tamoxifen. One and 5 months post induction, oesophageal wholemounts were taken, immunostained for GFP, marking DNM positive cells, and p53, to label p53-stabilized mutant clones, imaged by confocal microscopy, and clone areas quantified using Volocity 6 software 26 . We measured the area of all p53+ clones in the middle third of the oesophagi from seven mice, scoring them for DNM expression.
To evaluate the effect of carcinogen on DNM expressing epithelium, DNM mice were induced and 3 months later treated with DEN for 2 months. Controls were age-matched uninduced DNM animals treated with DEN alone. After carcinogen treatment, animals were aged for 8-9 months. Tumours were scored using a dissecting microscope in control and induced animals (six per group) after removing the muscularis layer with fine forceps. Total lesions analysed were 33 lesions (DEN) and 24 lesions (DNM + DEN); typical lesions are shown in Supplementary Fig. 5a -d.
Activated caspase-3 staining.
Cryosections of 1 year induced and uninduced DNM oesophagi were stained for activated caspase-3 as described and imaged by confocal microscopy 31 . Three mice per group were analysed. A positive control was obtained by ultraviolet irradiation of a fresh oesophageal sample and maintaining it in explant culture for 24 h before sectioning 31 . Images shown in Supplementary  Fig. 4h are typical of ten sections per mouse from each of three mice in each group.
Enzyme-linked immunosorbent assay. Serum thymic stromal lymphopoietin (Tslp) levels in induced DNM mice were measured using a Quantikine mouse Tslp kit (R&D Systems) according to the manufacturer's instructions in uninduced DNM controls and clonally induced animals (using 80 µg kg −1 β-naphthoflavone and 0.3 mg tamoxifen). As a positive control, DNM animals were treated with a higher dose of inducing drugs (80 mg kg −1 β-naphthoflavone and 1 mg tamoxifen), inducing epidermal expression of DNM and resulting in Tslp release 32 . Inset images of tail epidermal wholemounts in Supplementary Fig. 4a are typical of 3-11 animals per group.
Statistical analysis. The analysis of the cell lineage tracing experiments is set out in
Supplementary Note. Data are expressed as mean values ± s.e.m. unless otherwise indicated. Differences between groups were assessed by two-tailed unpaired t-test or analysis of variance for normally distributed data or two-tailed Mann-Whitney U -test for skewed data, using Excel or GraphPad Prism software.
No statistical method was used to predetermine sample size. The experiments were not randomized. The investigators were not blinded to allocation during experiments or outcome assessment. 
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Supplementary Note
In this supplementary note we outline the details of the modelling approach to define the cell fate in clones induced to express Dominant-negative Mastermind-like 1 (DNM).
Model of cell fate behaviour in the oesophageal epithelium
To model progenitor cell fate behaviour in the oesophageal epithelium we made use of a stochastic model introduced in Ref.
(31). Within this framework, progenitors make stochastic fate decisions in which the fate outcome of individual cell divisions is unpredictable, but defined by fixed probabilities. Although such models do not attempt to account for the potential influence of extrinsic factors in regulating both proliferative activity and fate choice, such factors have been shown to not impact significantly clonal evolution in the two-dimensional homeostatic system, pertinent to a stratified epithelium (33) .
We suppose that oesophageal progenitors P , which are confined to the basal layer, divide with rate λ, giving rise to either two progenitors (duplication, P + P ), one progenitor and one 
1
Applied to the normal oesophageal epithelium, previous studies have shown that the clonal fate data is consistent with balanced stochastic cell fate in which the frequency of cell duplication is perfectly balanced by symmetric differentiation (7). To address clonal evolution of DNM mutant cells in the wild type (WT) background, we take the simplest generalisation of the model, allowing the frequency of symmetrical divisions to become unbalanced:
The parameter r regulates the balance between symmetric and asymmetric division, while δ defines the degree of bias towards proliferation. Any differentiated basal cell may then stratify:
Finally, as cells move through the suprabasal cell layers, they progressively lose their nuclei:
For δ = 0, this model reduces to the established model of homeostasis (7,31) where loss of progenitors through differentiation is perfectly compensated by duplication. In a non-homeostatic tissue, however, cell fate may be biased, δ = 0, leading to an overall gain/loss of progenitors.
DNM-induced clones expand much more rapidly than WT clones (Fig. 1 ), indicating that cell fate is unbalanced. Nonetheless, the DNM clone size distribution retains a regular, unimodal structure and is very broad (Fig. 2b) . We therefore propose that the principle mechanism of stochastic fate choice is retained for DNM clones, but with a potential bias δ ≥ 0.
To assess the validity of the model, and define the associated rates, we make use of the If we focus on the fate behaviour of the progenitor population alone, the model dynamics, Eq. 1 translates to a simple continuous time branching process, which has been extensively studied in the past (see, e.g., (34)) For the homeostatic system, the size distribution of surviving clones (i.e. clones that retain at least one progenitor) converges rapidly to the scaling form,
wheren(t) represents the average number of progenitor cells per clone. Intriguingly, this form of the progenitor CSD is conserved even when the dynamics becomes unbalanced, δ > 0 (supercritical branching process). However, the average progenitor cell numbers evolve differently:
Thus,n diverges rapidly for unbalanced fate. Although such behaviour is qualitatively consistent with the observed expansion of DNM clones, it is clear that exponential growth is untenable and must become attenuated at some point, as suggested by the clone growth curve (Fig. 1c) .
We therefore expect that the model of unbalanced stochastic fate, based only on cell-intrinsic regulation, will only be applicable at early times following DNM mutation. Later, in section 4, we will discuss the transfer to long-time behaviour.
For the joint CSD of clones, including both progenitors and differentiated cells, analytical results are known in the balanced case (35) , but the short-term dynamics for unbalanced fate cannot be usefully recovered in analytical form. Therefore, in the following, we use stochastic simulations to compute the CSD as predicted by the model dynamics. For this purpose, we make use of a Gillespie algorithm (36) to compute the stochastic evolution of model clones. The 3 inferred CSD can then be compared with that obtained by experiment. From this comparison, we derive the likelihood of the parameters using an algorithm defined in the following section.
2 Fitting procedure
Likelihood and Bayesian probability
When fitting the data by the model, we follow a maximum likelihood principle. The likelihood L(θ) of model parameters θ = (λ, r, γ, σ, δ) is the probability P (D| θ) that the model with those parameters reproduces exactly the observed experimental data D; L(θ) = P (D|θ). Thus, according to the given data D, the parameters θ * with the maximum likelihood L * = L(θ * )
are those which are most likely to reproduce the data. These parameters have therefore the highest predictive power for the observations and are chosen as the best fit. This approach is also justified by Bayesian statistics. The Bayesian theorem states that the probability -or better:
certainty -of a model with parameters θ, given the data D,
where P (θ) is the a priori certainty of the parameters without considering the data (37). We do not have any prior information. Thus, we assume that a priori all parameters are equally certain, P (θ) = const. This means that the most certain set of parameter values is exactly the set of maximum likelihood parameters θ * ; max θ [P (θ|D)] = P (θ * ). malisation, which assures that the probabilities sum to one, the likelihood is
which is a multinomial distribution. When fitting datasets from different time points D 1 , D 2 , . . . simultaneously, the likelihood for fitting the total data D is P (D|θ) = t P (D t |θ). With the results of simulation and Eq. 6, the likelihood of parameters θ can be computed and compared.
Likelihood distribution and maximum likelihood
To find the parameters with the maximum likelihood and their error margins, we determine the The parameters θ * with the maximum likelihood L * = P (D|θ * ) can then be extracted from the resulting likelihood distribution L(θ ∈ Λ).
Error margin of parameters
The maximum likelihood parameters are subject to different sources of noise in the data and simulations, mainly due to small numbers of clones, but also due to variations between animals. ; i = 1, . . . 5}, the likelihood is determined by stochastic simulations and using Eq. 6.
We therefore determine the error margin of the parameters by classifying the parameters which are statistically acceptable 1 . For that purpose we define an acceptable parameter set Ω which contains all parameters whose likelihood is above a given threshold acceptance level, according to a likelihood-ratio test (38) :
Thus we accept all parameters whose likelihood relative to the maximum likelihood is larger than . It has been shown that this likelihood-ratio test is the most powerful test to classify sets of acceptable parameters (38) .
The acceptable intervals for the individual parameters are then bounded by the maximum and minimum parameter values in this set, i.e. the lower acceptance limit of any parameter θ i is θ − i = min Ω {θ i }, while the maximum acceptance limit is θ
In the following these acceptable intervals will mark the error margins of our parameter estimation by the fitting, and we will present the fit results for each parameter in the form θ i = θ * i
. In our estimations we choose an acceptance level of = 0.05 which means that we accept any parameters that have at least 5% of the maximum likelihood.
Confidence intervals of data points
Since the abundance of clones of a given clone size, f bs , may be very small in the experimental data, it is subject to substantial statistical noise. In order to validate our model, we check if its predictions for each data point are plausible, within the 95%-confidence intervals. This is the range which, in repeated experiments, would be covered by the 95% of outcomes closest to the average, for each data point. While we do not have the capacity to repeat the experiments an arbitrary amount of times, we can use our model to get an estimate for the confidence ranges.
For that purpose we run the stochastic simulations a large number of N times repeatedly, taking the best fit parameters θ * and the same total clone number as counted in the lineage tracing experiments. Then, for each basal clone size b (or joint basal/suprabasal sizes (b,s)) we select the subset of 0.95 × N outcomes which are the closest to the average (we choose N = 1000).
The range from the lowest value of this subset to the largest one gives the confidence interval.
Fitting analysis: short-time clonal dynamics
With this background, we turn now to the analysis of the DNM clonal data focusing on early times post-induction. Making use of the fitting algorithm defined above, from a fit to the joint CSD at 7 and 10 days post-induction, we obtain the parameters with maximum likelihood (bestfit parameters) shown in Supplementary Table 2 Further small deviations are visible in the shape of the suprabasal distribution of DNM clones. Once again, this deviation, which is visible only at the shorter time 7 day time point, is likely to reflect the Markovian approximation that fails to account for potential "maturation effects", which may delay stratification once a basal cell has exited cycle.
Finally, the Markovian approximation, which allows cells to divide without any refractory period following division, leads to the appearance of unfeasibly long tails of the clone size distribution. To avoid the potential to "over-fit" these tails, we restrict the range of data to a maximum clone size (b max = 26, s max = 12) in the joint CSDs. This choice includes all data in the joint CSD (10 days post-induction) except sparse regions in the tail with data points that 8 are separated from the bulk by more than one point (b, s) with f bs = 0. To check whether the cut-off in the fitting range had any significant impact on the results, we also fitted the full data set, without the cut-off. The resulting basal CSD is shown in Supplementary Figure 2e . It can be seen that this also gives a reasonable fit with parameters that do not depart much from the primary fit. But one may note that the fit with the cut-off is superior in matching the bulk of the data.
Comparison of DNM and control clones
In comparing the results of the analysis for the DNM clones and the control, several striking differences emerge:
Unbalanced cell fate: From the fit, we find that δ = 1 is the most likely parameter, which means that the symmetric differentiation channel appears to be completely suppressed, leading to the functional "immortalisation" of progenitors. Although this finding alone does not completely rule out P → DD divisions, the complete absence of pure suprabasal ("floating") clones in the two considered data sets provides further support for the complete suppression of this channel.
Later, in section 3.3.2, we quantify this argument to show that the P → DD divisions, if they occur at all, must be very rare at the considered early time points.
Then, with r = 0.055, we find that 11% of divisions result in duplication and 89% in asymmetric divisions, which means that the total fraction of PP divisions has not changed significantly by DNM expression. Furthermore, Notch-inhibition by DNM does not suppress differentiation through asymmetric cell division. Instead the fit suggests that putative symmetric differentiation events result in asymmetric division.
So, in summary, the most likely cell fate decision rules in DNM clones are
9 while in the WT the corresponding ratios are P → P P at 10%, P → P D at 80% and P → DD at 10% (7).
Suppressed stratification: The stratification rate γ is much smaller (0.8 per week) than for WT (3.5 per week).
Accelerated cell division: Finally, the cell division rate λ is significantly enhanced in DNM clones (6 per week vs. 1.9 per week for WT).
Model predictions
To gain further confidence in the validity of the model, we can make use of the fit from the 7 and 10 day clonal data to predict the CSD of the 15 day time point. In doing so, we find that the model is able to reproduce the DNM clonal data ( Supplementary Fig. 2d ), with predictions that lie within the confidence interval. Supplementary Fig. 2f ), we obtain excellent agreement up to 15 days post-induction, after which deviations between model and experiment start to develop.
This departure, which reflects a sub-exponential growth of clones, indicates a change in fate behaviour at longer times.
Notably, the deviation between model and experiment occurs at around the time when clones start to merge. On the other hand, WT cells at the edge of DNM clones stratify faster than in the control (Fig. 3) , which indicates that WT cells do not resist expansion of DNM clones.
These observations suggest that, in the first 15 days following induction, clonal expansion is unrestricted and proceeds with constant rates.
Consistency checks 3.3.1 Total clone size distribution
With a model dependent on 5 parameters δ, λ, r, γ, σ, it was necessary to use the full range of data to fit the model. However, in finding that the stratification and cell loss rates of the DNM clones are small, it is evident that cell loss does not play a significant role at early times post-induction, t 1/σ. Moreover, the results above show that P → DD divisions are effectively erased altogether at short times. Therefore, if we focus on the total CSD, the shortterm dynamics will be fully specified by just two parameters, λ and r. In this case, applying the same statistical procedure, we obtain the best-fit parameters λ = 5.4 per week, and r = 0.065.
With these parameters, the comparison of the model and data ( Supplementary Fig. 2g ) shows good agreement within the confidence range. The consistency of these results with the previous findings provides further evidence in support of the model, Eq. 8.
Inhibition of symmetric differentiation
When a clone loses all of its progenitor cells by symmetric differentiation and the differentiated cells stratify, the clone becomes detached from the basal layer. These "floating clones", which are seen in WT, provide direct evidence of symmetric differentiation following division. Such events are strikingly absent in the analysis of DNM clones at 7 and 10 days post-induction, even when further efforts were made to search for such events (following the study of an additional 320 clones at 10 days). Although these findings do not allow symmetric differentiation to be rigorously ruled out in DNM, we can give an upper bound for its probability.
In Supplementary Table 3 Table 2 ). For δ = 0.88 this probability is below 0.05, thus within a 95%-confidence level any value of δ ≤ 0.88 can be excluded.
The probability of having no floating clones at all, as observed, is Prob(no floating clone) = (1 − β 7d )
where β 7d,10d is the probability for floating clones 7 days and 10 days after induction, respectively. Here n 7d = 300 and n 10d = 570 represent the total clone numbers recorded at respective times. In Supplementary Table 3 the expected frequencies and probabilities to find no floating clones are displayed. For δ = 1 this probability is one, while it declines for lower δ, dropping below 0.05 around δ = 0.88. Choosing an acceptance level of 5% as before, a probability of less that 0.05 means that the corresponding parameter is out of the acceptance interval. Therefore we conclude that the minimal value for the proliferation bias is δ min ≈ 0.88, corresponding to a maximal fraction of symmetric differentiation events to be 0.7 % on a 5%-acceptance level.
EdU as a clonal marker
Administration of ethinyldeoxyuridine (EdU), which is taken up during S phase and is retained after cell division, provides a second lineage tracing marker to follow sub-clones within GFPmarked clones. This system can therefore be used to validate the predicted clonal dynamics.
To implement this program, we administered EdU to animals 7 days after induction with According to the model dynamics, since only progenitor cells can divide, the average EdU+ cell number per clone n evolves in time t as
where n p (t) = n p (0) exp(2δλrt) denotes the average progenitor cell number (cf. Eq. 5). At 24h post-administration on average n(t 0 = 24h) = 2.33 ± 0.11 cells were measured. While the number of progenitor cells at 24h cannot be measured directly, we can infer n p (t 0 = 24h)
by making use of the model: assuming the first cell division to occur 8 hours after EdU incorporation (the approximate average time between S-phase and completed cell division (28) 2 ), Again the solution for r is independent of t 0 . This result shows that symmetric differentiation is reinstated, with a ratio comparable to the control within error bars. The cell division rate is lower than at early times but still significantly higher than in the control. Furthermore, the stratification rate, which was significantly depressed at short times, is also increased and in fact becomes higher than in the control. These results are consistent with the observation that thickness of the epithelium in DNM animals is comparable to WT after one year, considering that a higher cell division rate must be compensated by enhanced stratification to retain normal thickness.
